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Introduction
Polydentate N-donor ligands continue to attract considerable attention in the field of supramolecular chemistry due to their highly predictable coordination chemistry and ease of functionalization. whereas heavier transition metal complexes of 2,2ʹ-bipyridine and its derivatives, e.g. [Ru(bipy) 3 ] 2+ , are used in light-harvesting and light emitting devices. 10 The development of polydentate N-donor ligand sets with tuneable coordination chemistry is therefore highly desirable for the construction of new functional materials. These ligands have also found applications in the emerging field of molecular magnetism since they offer a medium strength ligand field such that, for first row transition metal complexes, the magnitude of  is comparable with the interelectron repulsion term (P) leading to the potential for spincrossover behaviour in their electronic properties, i.e. for d 4 -d 7 configurations the energies of the low spin and high spin electronic configurations are comparable. 11 The development of polydentate N-donor ligand sets with tuneable coordination chemistry is therefore highly desirable for the construction of new functional materials. There has also been considerable interest in the synthesis and solid state properties of organic radicals as precursors to new electronic, optical and/or magnetic materials with interesting properties 12 In this context, new classes of magnetic materials are also becoming increasingly important as technology advances towards the miniaturization of devices. One approach to promote efficient communication between metal ions is to use a radical coupling unit, the so-called metal-radical approach, in which an organic radical ligand has been used to mediate the magnetic coupling between paramagnetic metal centres. 13 Currently the most-
common families of open-shell ligands whose coordination chemistries have been exploited include semi-quinones, 14 nitroxides, 15 thiazyl radicals, 16 and verdazyls. 17 The two most common strategies employed to prepare radical complexes are: (i) coordination of the radical precursor to the desired transition metal centre first followed by a chemical/electrochemical oxidation or reduction reaction to afford the desired radical complex, and (ii) the synthesis and characterisation of the radical ligand first and subsequent coordination to the appropriate metal ion. The key to the success of both strategies is the development of efficient synthetic methodologies to both the radical ligands and their air stable precursors. Structural studies of the coordination complexes of radical precursors are useful since they may provide insight into the preferred coordination modes of the radical ligand and its likely crystal field strength. Such data are important for tailoring future excursions into metal-radical coordination chemistry. Previous work has established that thiazyl-based radicals exhibit rich coordination chemistry with N-donor coordination that is prevalent for first row transition metals in common oxidation states 16, 18 but show oxidative addition to metals in lower oxidation states. 19 We have recently reported the synthesis of a series of benzothiadiazine (BTDA) heterocycles (Scheme 1) with a variety of aryl, pyridyl and thiophenyl derivatives attached at the 3-position. 20 The 24 Solvents and other anhydrous or hydrated metal salts were obtained from commercial suppliers and used without further purification.
Physical Measurements.
NMR spectra were recorded on a Bruker DPX300 UltraShield 300 MHz spectrometer with a Broadband AX Probe using CDCl 3 ( 1 H δ = 7.26 ppm, s) as an internal reference point relative to Me 4 Si ( = 0 ppm). IR spectra were obtained using a Bruker Alpha FT-IR spectrometer equipped with a Platinum single reflection diamond ATR module. Elemental compositions were determined on a PerkinElmer 2400 Series II Elemental Analyzer. UV/vis spectra were measured on a Agilent 8453 Spectrophotometer using ca. 1 × 10 -5 M solutions in methanol or acetonitrile in the range 200 -800 nm. The EPR spectrum of 1c was recorded as a polycrystalline powder at 4.2 K on a Bruker ELEXYS E580 Q-band EPR spectrometer at 5 K. EPR spectra of complex (1e) was recorded on a Bruker ER 200D X-band EPR spectrometer at room temperature and at 77 K using a liquid nitrogen dewar insert, whilst the EPR spectra of (2) and (4) were measured on a Bruker EMXplus X-band EPR spectrometer at room temperature. Simulations of the EPR spectra of (1c) and (4) were made using PIP via the PIP4WIN interface. 25 Variable temperature magnetic data (2-300 K) on (1b), (1c), (2) and (3) were obtained using a Quantum Design MPMS5S SQUID magnetometer using a magnetic field strength of 0.1 T. Background corrections for the sample holder assembly and sample diamagnetism (Pascal's constants) were applied. 3.37; N, 14.04. Found: C, 47.94; H, 3.09; N, 13.76 . , 48.83; H, 3.24; N, 14.24. Found: C, 49.14; H, 3.36; N, 13.93 .
Preparation of L 2 CoCl 2 (1c):
Ligand L (0.20 g, 0.88 mmol) was added to a solution of anhydrous CoCl 2 (0.10 g, 0.42 mmol) in MeOH (20 mL) and immediately sealed and left undisturbed at room temperature. Dark red, slightly hygroscopic, crystals of (1c) (0.210 g, 86 %) which were suitable for X-ray diffraction formed over one week. UV-Vis 3.23; N, 14.16. Found: C, 48.80; H, 3.20; N, 13.90 . (20 mL) and the system sealed. An immediate deep red solution formed from which red-black needle-shaped crystals suitable for single crystal XRD grew slowly over one week. These were isolated by filtration and washed with MeOH (10 mL) and hexane (10 mL) before being dried in vacuo. The two crystalline morphologies were separated manually for X-ray diffraction studies. The major product was 2, irrespective of L:CuCl 2 ratio, but a small number of crystals of 1d suitable for X-ray diffraction were identified. Yield (0.20 g, 92 % based on 2), IR ( max /cm 
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X-Ray Crystallography
Crystals of (1c), (1d) and (2) were mounted on a glass fibre with fluoropolymer and examined on a Nonius Kappa diffractometer equipped with a CCD area detector and an Oxford Cryostream cooler at 180(2) K using graphitemonochromated Mo-K radiation ( = 0.71073 Å). Data were collected using COLLECT 26 and the final cell constants determined from full least squares refinement of all reflections using SCALEPACK. 27 Data were reduced and processed and an absorption correction applied using HKL, DENZO and SCALEPACK. Structures were initially solved using SIR-92 28 and subsequently refined against F 2 within the SHELXTL suite. 29 All non-H atoms were refined anisotropically and H atoms added at calculated positions and refined using a riding model. Crystals of (1a), (1b), (1e), (3) and (4) were mounted on a cryoloop with paratone oil and examined on a Bruker APEX diffractometer equipped with CCD area detector and Oxford Cryostream cooler at 150(2) K using graphite-monochromated Mo-K radiation ( = 0.71073 Å). Data were collected using the APEX-II software, 30 integrated using SAINT 31 and corrected for absorption using a multi-scan approach (SADABS). 32 Final cell constants were determined from full least squares refinement of all observed reflections. The structures were solved by direct methods (SHELXS within SHELXTL) 29 to reveal most non-H atoms. Remaining atom positions were located in subsequence difference maps and the structure refined with full least squares refinement on F 2 within the SHELXTL suite. 29 Hydrogen atoms were placed at calculated positions and refined isotropically with a riding model. In some cases the anisotropic displacement parameters of the S atoms appeared significantly elongated consistent with some dynamic or static disorder of the thiadiazine ring and the S atom was refined over two or more positions. In the case of (3) both of the two crystallographically independent triflate ions were disordered and modelled over two sites. Crystallographic data for (1 -4) are summarized in Table 1 . The structures have been deposited with the CCDC (deposition numbers CCD 1002532-1002539).
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All calculations were performed with the Gaussian 09 suite.
33
The level of theory for all DFT calculations 34 was B3LYP.
35
The 6-31G* basis set 36 was used for N directly linked to copper while the other atoms where undertaken with 3-21G*basis set, 37 and the VDZ (valence double ζ) with SBKJC effective core potential basis set 37a,38 was used for copper.
Results and Discussion
Ligand L was prepared as red needles according to the literature method from commercial starting materials in good yield (65%) over 4 steps. 20 Reaction of L with the corresponding divalent metal chloride salt in either MeOH or MeCN in a 2:1 molar ratio at ambient temperature afforded the complexes L 2 MCl 2 (M = Mn (1a), Fe (1b), Co (1c), Cu (1d) and Zn (1e)). Crystals suitable for X-ray diffraction were grown by storage of saturated solutions of 1 over periods between 24h and 1 week. These crystals proved slightly hygroscopic, absorbing small quantities of water upon standing in the open atmosphere but otherwise appeared air stable. The UV/Vis spectra of 1a -1e are dominated by a series of intense ( = 10 and 420 nm that are attributed to intra-ligand charge transfer transitions. These assignments are corroborated by the fact that the absorption profiles for the complexes match the absorption spectrum of the free ligand. Indeed, the absorption profiles are insensitive to the nature of the d-block metal ion and exhibit a negligible effect on the position of these bands, though some differences in relative intensity are evident. Thus, even high spin d 5 Mn 2+ and d 10 Zn 2+ complexes of this ligand appear red.
The structures of (1a -1c) and (1e) (M = Mn, Fe, Co and Zn) were found to be isomorphous, crystallising in the orthorhombic space group Pbcn with half a unique molecule in the asymmetric unit, whereas the Cu II analogue crystallised in the orthorhombic space group Pca2 1 with Zʹ = 1. In the latter case the nature of the Jahn-Teller distortion (vide infra) leads to an inequivalence in Cu-Cl and Cu-N bond lengths, lowering the crystallographic symmetry but, in other respects, the structure and packing of (1d) is the same as the other derivatives. In all cases the metal centre adopts a pseudo-octahedral geometry with the two chloride ligands mutually cis, and the benzothiadiazine-N atoms located trans to the Cl atoms (Fig.  1) . The coordination geometries at the metal centre are presented in Table 2 . The general trend in metal-ligand bond lengths for (1a -1e) are all consistent with a (high-spin) M II centre with the initial decrease (M = Mn to Co) associated with increasing effective nuclear charge on traversing the first transition metal series and subsequent increase (Cu and Zn) associated with the addition of extra electrons into the e g * orbitals. In the case of Cu II , the complex exhibits a marked Jahn-Teller elongation along the N(22)Cu(1)Cl (2) The benzothiadiazine heterocycle is formally 12 anti-aromatic and previous structural studies have revealed a folding of the C 3 N 2 S heterocycle across the H-N···S hinge, albeit with a low energy barrier to distortion. 20 In the series (1a -1e), some minor disorder is typically observed in the S atom position such that the S atom resides above or below the C 3 N 2 plane. In addition the N-H group exhibits a propensity to be involved in hydrogen bonding and in these complexes the N-H group forms N-H···Cl hydrogen bonds [d N···Cl 26. In the low temperature regime (T < 50 K), depopulation of the excited states arising from spin-orbit coupling occurs and the system behaves as a Kramer's doublet (C = 1.614,  = -0.46 K) consistent with weak antiferromagnetic exchange between S eff = ½ spins with g = 4.15 ( Fig. 2) . A low temperature EPR spectrum (Q-band 5 K) reveals significant anisotropy arising from spin orbit coupling (g 1 = 2.00, g 2 = 3.60, g 3 = 6.15) with <g> = 3.92 in agreement with the low temperature SQUID data. 
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In the case of CuCl 2 , the coordination chemistry proved more problematic and red crystals of (1d) could only be isolated under anaerobic conditions. In addition the 1:1 complex [LCuCl 2 ] n (2) was always formed (also as red crystals) alongside the anticipated 2:1 complex (1d), with (1d) isolated as the minor product. The major product, compound (2) could be isolated in reasonable purity from the 1:1 reaction of L with CuCl 2 ·2H 2 O under anaerobic conditions, with only minor contamination from (1d) based on micro-analytical data. The stability of (2) may be attributable to its low solubility and polymeric nature (vide infra). (1) Å) affording an overall pseudo-5-coordinate geometry at the Cu II centre which is best described as close to square pyramidal with an Addison  value of 0.23 (0 for square pyramidal and 1 for trigonal bipyramidal). In addition, the molecules are linked via a single N-H···Cl hydrogen bond parallel to the a-axis (N···Cl 3.233(3) Å). The combination of Cu···S and N-H···Cl contacts likely contribute significantly to the low solubility of (2) . The observation of Cu···S contacts in (2) is in stark contrast to the other metals in this study and reflects the softer nature of copper.
Solid state EPR studies on (2) Despite the polymeric nature of (2) with a two atom S-N bridge between Cu II centres, SQUID magnetic studies (5 -300 K)
revealed (2) In order to coordinate a further equivalent of L to the metal centre, the 3:1 complex [L 3 Fe][CF 3 SO 3 ] 2 (3) was prepared in a similar manner to the L 2 MCl 2 salts, but utilising the weakly coordinating triflate anion to offer six potential coordination sites at the Fe II centre. Complex (3) crystallises in the triclinic space group P-1 with one unique molecule of (3) in the asymmetric unit. The Fe II centre exhibits a six-coordinate octahedral geometry with an N 6 donor set from three chelate ligands L (Fig. 4) . Whilst the molecule is chiral, the presence of an inversion centre in the P-1 space group means that the sample is a racemate, comprising both  and  forms. The Fe-N bond lengths span the range 1.957 (3) Figure 4 . Asymmetric unit of 3 with thermal ellipsoids for non-H atoms drawn at the 50% probability level (disorder in the triflate anions omitted for clarity).
The [FeL 3 ]
2+ cation forms hydrogen bonds to both of the triflate anions (Fig. 4) . One of the three hydrogen bond donor N-H units of the benzothiadiazine ring forms a single N-H···O-S hydrogen bond between N(12) and O(1C) (d N···O = 2.828(7) Å) whereas the remaining two N-H bond donors hydrogen bond to the same triflate counter-ion forming a chain structure parallel to the crystallographic a-axis with N···O distances in the range 2.814(6) and 2.967(7) Å. The presence of hydrogen-bonding affords well-ordered SO 3 -units but the corresponding CF 3 moieties of the two crystallographically independent triflates are each disordered over two sites. SQUID measurements on 3 revealed it was low spin throughout the temperature range from 5 K to 300 K (see ESI, Fig. S5 †) . , with a modest shift (20 -30 cm -1 ) to lower energy for 6-coordinate complexes. 40 For (4) ) was observed consistent with this V=O stretching vibration. In the solid state the EPR spectrum of (4) Complex (4) was found to crystallise in the monoclinic space group P2 1 /n as a methanol solvate with one molecule in the asymmetric unit. Initial refinement as [VL 2 Cl 2 ]Cl revealed large thermal parameters for one of the coordinated Cl atoms and a corresponding unreasonably short V-Cl bond length. Improved residual electron density was obtained when it was refined as [VOL 2 Cl]Cl and this assignment was subsequently confirmed by IR and EPR spectroscopy (see above). The structure is shown in Figure 5 . As with (1) and (3), the coordination geometry around vanadium is pseudo-octahedral with the benzothiadiazine ligands chelating the vanadyl centre with V-N bond lengths in the range 2.119 (4) . These bonds are, in an analogous fashion to 1a -1e, longer than the pyridyl V-N bonds (2.119(4) -2.126(4) Å) which are located mutually trans to each other. These studies reveal that the novel ligand L possesses a strong ability to form chelate complexes with a broad cross-section of first row transition metal centres. These initial studies show, as expected, that its crystal field strength is broadly comparable with other chelate N-donor ligands such as bipy and phen.
Amongst the series of complexes (1) (M = Mn -Zn), the Cl atoms are all located trans to the benzothiadiazine N(2) atom.
DFT calculations on (1d) were undertaken as representative of this series of complexes. These reproduce the Jahn-Teller distortion associated with (1d), albeit underestimating the CuCl bond by 0.07 Å. An examination of the spin density distribution reveals a localization of the spin to the d x 2 -y 2 orbital of the Cu II ion (Fig. 6) , suggesting limited acceptor character of the benzothiadiazine ring. This is unsurprising given the electron-rich nature of the thiadiazine ring. Preliminary electrochemical studies on L reveal irreversible oxidation, consistent with a ec mechanism in which 1e -oxidation is coupled to a chemical process such as deprotonation of the N-H group, although work by Kaszynski has shown the benzo-fused ring is also susceptible to attack and halogenation of the benzoring may also be desirable.
21 Figure 6 . Two orientations of (1d) overlaid with the spin density distribution for (0.0004 iso).
The propensity for the parent benzothiadiazine N(4)H atom to be involved in hydrogen bonding seems to extend to the transition metal complexes of this ligand, suggesting that these hydrogen-bonded frameworks can be used to construct supramolecular framework structures in which the hydrogenbonded motif may facilitate some degree of cooperativity.
Conclusions
The 3-(2ʹ-pyridyl)-benzo-1,2,4-thiadiazine ligand, L, is shown to not only be a versatile medium field ligand in coordination chemistry but to exhibit a capacity for hydrogen bonding which may be beneficial in enhancing cooperative phenomena and generating supramolecular self-assembled structures. Further studies are underway to (i) probe the reactivity of ligand L with heavier second and third row metals, (ii) tune the auxiliary ligands to tailor the magnetic properties of the Fe II and Co benzothiadiazine ring are planned. Such tailoring of the oxidation states of the metal in order to modify ligand reactivity have previously been observed for the dithiadiazolyl radical, RCNSSN  in which (i) oxidation of the radical to the cation can be observed for metals in higher oxidation states; 42 (ii) Ncoordination occurs for metals in common oxidation states, 16, 43 but (iii) oxidative addition to the S-S bond occurs for metals in low oxidation states. 19 In addition, the evident ability of the S II centre to become involved in the coordination chemistry is likely to lead to more diverse reactivity towards softer heavy transition metal centres.
